Introduction {#Sec1}
============

Coronavirus disease 2019 (COVID-19), a novel illness caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was initially discovered in Wuhan in 2019 and has now resulted in a global pandemic. As of April 18, 2020, there have been more than 80,000 confirmed cases in China, 60% of which were reported in Wuhan. According to the World Health Organization, the number of global cases has reached 2,000,000 with over 150,000 deaths. Although the virus primarily targets the lungs, disease manifestation is common in other organ systems. A study of SARS showed that 6.7% of patients developed acute kidney injury (AKI), with a mortality of 91.7% \[[@CR1]\]. Clinicopathological studies have demonstrated that the kidneys are another target of SARS-CoV-2. Notably, AKI is a common complication of critically ill adult patients with COVID-19, with an incidence ranging from 5.1 to 29%. AKI is strongly associated with the mortality of COVID-19, especially in the ICU \[[@CR2]--[@CR5]\]. However, there have not yet been studies of kidney involvement in children with COVID-19.

A review of 72,314 cases by the Chinese Center for Disease Control and Prevention (CCDC) revealed that pediatric cases account for 1% of the total COVID-19 cases \[[@CR6]\]. A study of 171 children infected with SARS-CoV-2 showed that most children had a milder clinical course compared to adults, but there were also rare severe cases \[[@CR7]\]. To explore the clinical features of AKI in children with COVID-19, we evaluated 238 confirmed cases in Wuhan Children's Hospital, the center assigned by the CCDC for the care of infected children younger than 16 years of age in Wuhan. Among these cases, only three patients were critically ill and needed care in the ICU, and all of them developed AKI, suggesting that AKI is an important factor that defines the severity and the progression of the disease.

To better understand AKI in severe pediatric cases with COVID-19, we studied the clinical characteristics, laboratory and imaging features, treatments, and outcomes of the three children with COVID-19 complicated with AKI.

Methods {#Sec2}
=======

Patients and data collection {#Sec3}
----------------------------

A total of 238 cases of COVID-19 admitted to Wuhan Children's Hospital from January 24th to March 20th were enrolled in the retrograde observational study. Wuhan Children's Hospital is the local center assigned by the CCDC for the care of the infected children younger than 16 years of age. All the patients were confirmed with SARS-CoV-2 infection by real-time reverse transcription-polymerase chain reaction (RT-PCR) assay using nasopharyngeal (\< 2 years) or throat (\> 2 years) swab specimens. We examined their kidney function test, including serum BUN and creatinine, and calculated their estimated glomerular filtration rate (eGFR) using the Schwartz equation \[[@CR8]\]. Demographic characteristics, clinical presentations, and radiology and laboratory features, as well as medications, were extracted from electronic medical records.

Definition {#Sec4}
----------

Critically ill COVID-19 was defined as patients who met any of the following criteria: (1) respiratory failure which required mechanical ventilation; (2) septic shock; and (3) accompanied by failure of other organs that required ICU monitoring and treatment \[[@CR7]\].

Acute kidney injury was defined as an increase of serum creatinine by 0.3 mg/dL (26.4 mmol/L) within 48 h or a 50% increase in serum creatinine from baseline within 7 days according to the Kidney Diseases Improving Global Outcomes (KDIGO) clinical practice guidelines \[[@CR9]\]. The stage of AKI was determined using the peak serum creatinine level after AKI detection, with increases of 1.5--1.9, 2.0--2.9, and ≥ 3 times baseline being defined as AKI stage 1, 2, and 3, respectively. Absolute increase of creatinine and decreased urine output were also taken into consideration \[[@CR10]\].

Results {#Sec5}
=======

Clinical presentations {#Sec6}
----------------------

Three out of 238 patients with COVID-19 were critically ill and required ICU care, and all of them met the criteria of AKI: AKI was not detected in any patients outside of the ICU. Table [1](#Tab1){ref-type="table"} lists the clinical features of the three ICU patients with COVID-19. Two previously healthy infants, patient 1 (13 months old) and 2 (10 months old), developed oliguric AKI with prodromal gastrointestinal symptoms, including vomiting and diarrhea. The younger patient of 10 months of age also developed intussusception. Patient 3, an 8-year-old boy, was an immunocompromised patient with acute lymphocytic leukemia (ALL) and received chemotherapy. All of them presented with fever and developed dyspnea, while only patient 3 presented with cough.Table 1Clinical features of 3 AKI patients with COVID-19Patient number123Age13 months10 months8 yearsGenderMaleFemaleMaleExposure historyNoSuspectedNoDays from illness onset to admission620ComorbidityNoNoALLChief complaintFever and diarrheaBloody stool and vomitingFever and coughSymptoms  FeverYesYesYes  CoughNoNoYes  VomitingYesYesNo  DiarrheaYesYesNo  Decreased urine outputOliguriaOliguriaNoAdmission to ICUYesYesYesIn-hospital duration (days)1734\> 60 still in hospitalAKI stage332Lab (unit; normal range)First day in ICU/most severeFirst day in ICU/most severeFirst day in ICU/most severe  WBC (× 10^9^/L; 5.5--12.0)11.96/3.635.29/2.871.98/0.88  Lymphocytes (× 10^9^/L; 1.2--6.0)2.48/1.43.08/0.20.15/0.15  Hb (g/L; 110--149)100/78114/4378/70  Plt (× 10^9^/L; 100--300)184/42144/1671/49  PCT (ng/mL; 0--0.046)0.43/2.66\>100/\>1000.2/4.19  CRP (mg/L; 0--10)24.8/69188/1888.84/119  IL-6 (pg/mL; 0--20)120.31/177.863868/386816.14/639  C3 (g/L; 0.7\~1.12)0.66/0.360.33/0.33NA  C4 (g/L; 0.1--0.38)0.10/0.070.07/0.07NA  D-dimer (mg/L; 0--0.55)5.27/5.2740.34/40.34NA/9.25  LDH (u/L; 120--300)361/7513171/3171388/625  BUN (mmol/L; 2.9--7.1)15.91/15.9122.84/402.9/8  SCR(μmol/L)224/224206.3/26021.2/40  eGFR (mL/min/1.73 m^2^)17/1719/15\> 120/90  AcidosisYesYesNo  Proteinuria±+++No  HematuriaNoMildNoImaging features of lung (CT)  Ground-glass opacityYesYesYes  Patchy shadowingYesYesYes  ConsolidationYesYesYes  Pleural effusionYesYesYes  Interstitial abnormalitiesNoYesNoTreatment  VentilationYesYesYes  AntibioticMeropenem + linezolidMeropenem + linezolidMeropenem + linezolid + caspofungin  AntivirusOseltamivirRibavirinRibavirin + abidol  CorticosteroidsYesYesYes  IVIGYesYesYes  Blood purificationPE + CKRTPE + CKRTPE + CKRTOutcomeRecoveredDiedStable*ALL* acute lymphoblastic leukemia, *WBC* white blood cell, *Hb* hemoglobin, *Plt* platelet, *PCT* procalcitonin, *CRP* C-reactive protein, *IL-6* interleukin-6, *C3* complement 3, *C4* complement 4, *LDH* lactate dehydrogenase, *BUN* blood urea nitrogen, *SCR* serum creatinine, *eGFR* estimated glomerular filtration rate, *IVIG* intravenous immunoglobin, *PE* plasma exchange, *CKRT* continuous kidney replacement therapy, *NA* not available

Laboratory findings {#Sec7}
-------------------

The lab tests revealed lymphopenia, anemia, and thrombocytopenia in the three patients. The results of the blood cell count of the first day and the most severe values are listed in Table [1](#Tab1){ref-type="table"}. Acute phase reactants including high-sensitivity C-reactive protein (CRP), procalcitonin (PCT), and interleukin-6 (IL-6) were significantly increased in all three patients (Table [1](#Tab1){ref-type="table"}). The IL-6 level of patient 2 significantly increased (3800 pg/mL, 200-fold above normal range), corresponding to the peak of his creatinine. The trend of IL-6 and serum creatinine in the three patients are plotted in Fig. [1](#Fig1){ref-type="fig"}. Patient 1 and 2 developed hypocomplementemia. Lactate dehydrogenase and D-dimer were markedly elevated in all three patients. The two infants met the criteria of stage 3 AKI with significantly elevated serum creatinine and decreased eGFR. Patient 3 met the criterion of AKI stage 1 due to the doubling of serum creatinine.Fig. 1Correlation of serum creatinine and IL-6 levels in patients 1 (**a**), 2 (**b**), and 3 (**c**). Creatinine curve, solid line; IL-6 curve, dashed line. Plasma exchange and CKRT are labeled under the timeline in triangles and quadrilaterals, respectively. PE, plasma exchange; CVVHDF, continuous veno-venous hemodiafiltration

Imaging features {#Sec8}
----------------

Chest CT scan demonstrated patchy shadows, consolidation, and pleural effusion in the 3 patients (Fig. [2](#Fig2){ref-type="fig"}a--c). Ascites and enlarged kidneys were observed in the two infants (Fig. [3](#Fig3){ref-type="fig"}a, b).Fig. 2Axial chest CT of the three AKI patients with COVID-19. **a** Consolidation of the right lung of patient 1 is indicated by the arrow; **b** consolidation of bilateral lungs of patient 2 (*arrows*); **c** diffused patchy shadowing of bilateral lungs of patient 3Fig. 3Axial abdomen CT scan images of patients 1 and 2 (**a**, **b**) showing enlarged kidneys (*arrows*). Hydronephrosis of the left kidney can be observed in patient 1 (*star*). The hydronephrosis disappeared before discharge

Medical interventions {#Sec9}
---------------------

Each of the three patients required mechanical ventilation. Empirical antibiotics, antivirals, corticosteroids, and intravenous immunoglobin were used in all three patients (see Table [1](#Tab1){ref-type="table"}). All three patients were also treated with plasma exchange (PE) combined with continuous kidney replacement therapy (CKRT) (Fig. [1](#Fig1){ref-type="fig"}a--c). Heparin was used for anti-coagulation both in PE and CKRT. Continuous veno-venous hemodiafiltration (CVVHDF) was indicated in patient 1 and 2 for oliguria and organ function failure, and indicated in patient 3 for AKI in the setting of significant fluid overload.

Patient 1 recovered and was discharged from the ICU after a duration of 17 days. Patient 2 passed away due to severe sepsis and intestinal necrosis secondary to intussusception, despite intensive surgical and medical interventions. Patient 3, who presented with leukemia, was successfully weaned off ventilation and kidney replacement therapy.

Discussion {#Sec10}
==========

This is the first study describing AKI in pediatric patients with COVID-19. Data on internal medicine has revealed that kidney impairment is much more common in COVID-19 than in SARS \[[@CR1], [@CR11]\]. The overall incidence of AKI in adult patients with COVID-19 ranges from 5.1 to 29% depending on the cohort and severity of cases \[[@CR5], [@CR12]\]. Comorbidities including diabetes, chronic kidney diseases, and primary hypertension are frequently seen in critically ill patients whose clinical course is complicated by AKI \[[@CR13]\]. Data in pediatric patients has revealed a different profile of AKI with different underlying etiologies compared to adults. The AWARE (Assessment of Worldwide Acute Kidney Injury, Renal Angina, and Epidemiology) study, which enrolled ICUs in 32 hospitals in Asia, Australia, Europe, and North America, showed that the overall incidence of AKI in 4683 critically ill children was 26.9%, and the incidence of severe AKI (KDIGO stage 2 or 3) was 11.6% \[[@CR8], [@CR14]\]. Another multi-center study reported an incidence of AKI of 20% in the total 101,836 pediatric inpatients from 25 centers in China \[[@CR15]\], where AKI occurred in 49.1% of children with respiratory failure. In our cohort, the incidence of AKI in pediatric patients with COVID-19 was 1.2% (3/238), much less common than in adults. However, based on the limited cases of our study, AKI seemed to be a significant complication in critically ill children with COVID-19, far more than other etiologies \[[@CR16]--[@CR18]\].

Angiotensin-converting enzyme 2 (ACE2) is the key receptor that SARS-CoV-2 uses to gain access to its target cells \[[@CR19], [@CR20]\]. In addition to the lung, ACE2 is also highly expressed in the small intestine, colon, and kidney, which can explain the gastrointestinal and kidney involvement in our critically ill children with COVID-19 \[[@CR21], [@CR22]\]. Compared to adults, young children and especially infants are more prone to develop a gastrointestinal invasion of COVID-19, and the subsequent dehydration with hypoperfusion of kidneys significantly increases the risk of developing AKI. Both of the infants in our study with AKI stage 3 had prodromal gastrointestinal symptoms and dehydration event. One of these resulted in a significant surgical complication, suggesting that a prodromal gastrointestinal involvement may increase susceptibility of children to AKI in the setting of COVID-19. Additionally, nephrotoxic medicines, including antibiotics, antiviral treatment \[[@CR16]\], and a calcineurin inhibitor in patient 3, were further risk factors for AKI.

Diao et al. examined the viral nucleocapsid protein in situ in the kidney postmortem and found that SARS-CoV-2 antigens accumulated in kidney tubules, suggesting that SARS-CoV-2 infects the human kidney directly and may induce AKI \[[@CR4]\]. Further, cytokine release syndrome (CRS) has been recognized as a feature of SARS-CoV-2 infection with AKI as in SARS \[[@CR12], [@CR23], [@CR24]\]. In patients with CRS, AKI could be a result of intrarenal inflammation, endothelial injury, increased vascular permeability, and volume depletion \[[@CR25]\]. Proinflammatory IL-6 is considered to be the most important causative cytokine in CRS \[[@CR26]\]. The correlation between IL-6 titer and serum creatinine level in our patients suggests that cytokine storm might play a more important role in critically ill COVID-19 children with AKI, in addition to the prerenal and intrarenal injuries.

Thrombocytopenia and anemia were also observed in both of the infants, together with their increased lactate dehydrogenase, suggesting that microangiopathy can be another underlying pathophysiology of AKI, which has been well described in thrombotic microangiopathy (TMA) related to an uncontrolled complement activation \[[@CR27]\]. In a recent study, Su et al. reported postmortem renal histopathological analysis of 26 patients with COVID-19, where endothelial cell swelling and segmental fibrin thrombi in glomerular capillary loops were consistent with the histological features of TMA \[[@CR28]\]. However, further studies of kidney histomorphology in children with COVID-19 are still needed to prove the AKI mechanism. Unfortunately, patient 2's family in our study refused autopsy. Clinically, hypocomplementemia C3 and C4 were also observed in the two infants of our study (patient 1 and 2), suggesting an activation of the classical complement pathway may underlie the pathogenesis of COVID-19 with AKI. A pattern of tissue damage consistent with complement-mediated microvascular injury in the lung and skin of five individuals with severe COVID-19 was reported recently \[[@CR27]\], with more evidence suggesting a role of complement activation in COVID-19 pathophysiology and involvement of important organs \[[@CR29]--[@CR31]\]. A delineation of complement activation in COVID-19 will also shed light on the use of complement inhibitory therapy in COVID-19 patients with AKI.

Medical management in such critically ill COVID-19 patients remains challenging throughout the world and continues to evolve with emerging evidence actively justifying the evidence-based practice. The front-line advanced life support, antimicrobial treatment, and immunomodulatory therapy including steroids, tocilizumab, and plasmapheresis remain empirical. Accumulated evidence from studies in an adult cohort has revealed that early initiation of kidney replacement therapy improved the outcome of critically ill COVID-19 patients, whether AKI is present or not \[[@CR13], [@CR32]\]. The hypothesis of injury from cytokine storm and complement activation in COVID-19 has suggested PE and CKRT be implemented in the management to clear the cytokines and restore the control in complement regulation, which subsequently can reduce inflammation injury to important organs including the kidneys. Our three patients with AKI received PE and CKRT, with evidence showing an improved cytokine profile with these treatments and resulting in recovery in patients 1 and 3. Previous studies have provided strong evidence supporting the extra-renal benefit of CKRT, especially in critical illness with systemic inflammatory response syndrome (SIRS), sepsis, and life-threatening cytokine storm \[[@CR25], [@CR33]\]. Therefore, the indication for CKRT has been broadened to many ICU patients to address the needs of volume control and clearance of inflammatory cytokines, in addition to the "renal clearance" of small- to medium-sized toxins/waste products \[[@CR34]\]. Our case study demonstrated that CKRT did quench the storm of IL-6, the proinflammatory cytokine that might contribute to the mortality of COVID-19, by which it might have ameliorated the severity and improved the chances of survival. Again, clinical trials with a large cohort are needed to confirm this finding.

In conclusion, this is the first study of its kind to report data about AKI as a complication of critically ill children with COVID-19. Cytokine storm and complement activation may play key roles in the development of AKI in children with COVID-19, which provides a rationale for using kidney replacement therapy to clear inflammation factors and to promote recovery. Multi-center retrospective case-control studies with larger sample size are needed to clarify the underlying etiology of AKI, to direct the prevention, management, and prognosis of the disease.
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